This study aims to explore the influential sources of organic matter in first flush runoff from urban roadways by comparing organic carbon content and particle size distribution in road dust with those from discharge from vehicles during rainfall. Samples on first flush runoff and road dust were collected from urban roadways. In addition, vehicle drainage was assumed to flow from vehicles during rainfall events, so vehicle wash-off water was collected by spraying water onto the top and from the underside of vehicles to simulate accumulation during a vehicle run. In road dust, the organic carbon content in the <0.2 mm fraction was about twice that of the 0.2-2 mm fraction. The particle size distributions of both first flush runoff and vehicle wash-off water were similar, and particles <0.2 mm contributed to over 95% of the total volume. The dissolved organic carbon concentration in the vehicle wash-off water was considerably higher than that in the road dust/water mixture. The total organic carbon content in road dust was positively correlated with annual daily traffic. Therefore, vehicles were thought to strongly influence the nature of road dust.
INTRODUCTION
First flush runoff from urban roadways has increased as a result of increased population and traffic due to urban development and impervious land surfaces (Novotny ) . Such runoff contains a number of pollutants, derived from vehicle exhaust emissions, tyres, asphalt, litter and so on, which are accumulated in road dust (US Environmental Protection Agency (US EPA) ). The runoff directly or indirectly acts as a source of water pollution when it eventually flows into rivers, lakes or enclosed water areas. These pollutants can enter and severely affect aquatic systems mainly via runoff. The water quality of public water bodies in Japan has shown a tendency for overall improvement in terms of organic matter content, but the improvement is still insufficient in enclosed water areas such as lakes and inland seas (Wada et al.  ; Japanese Ministry of the Environment (Japanese MOE) ).
In many previous studies, organic matter pollution in roadway runoffs have been reported with a focus on toxic organic chemicals such as polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds and pesticides (e.g., Björklund et al. ; Mahbub et al. ; Zgheib et al. ; Ozaki et al. ) . The concentrations of these pollutants are in the range of μg-ng/L, and are significantly different from those of the organic matter present in runoffs. Wada et al. (, ) showed that organic compounds containing non-biodegradable substances were present in high concentrations in first flush runoff from urban roadways. In addition, it was confirmed that a certain amount of organic pollutants were discharged even after the first flush runoff by analysing the chronological variation in total organic carbon (TOC) concentration in roadway runoffs (Wada & Fujii ) . Accordingly, part of organic pollutant loads by roadway runoffs might be derived from vehicle bodies, automobile fuel and engine oil (e.g., poly α-olefin and paraffin). However, since these loads comprise diverse organic compounds, it is very difficult to evaluate organic matter loadings by measuring all individual compounds.
Conversely, studies simulating non-point source pollution from roadways have often considered both the wash-off and deposition processes. Furthermore, other studies have adopted a total suspended solids (SS) concentration as one of the target parameters of pollutants (Sartor & Boyd ; Alley & Smith ; Hijioka & Furumai ) . In addition, the SS contributes to water and soil contamination (Mangani et al. ; Murakami et al. ) . It is especially suggested that traffic, rainfall condition and soil size are crucial for the contamination. However, a dominating process of organic loads via roadway runoff is not fully clarified.
The objective of this study is to explore the influential sources of organic matter in first flush runoff from urban roadways by comparing organic carbon content and particle size distribution in road dust with those in discharge from vehicles during rainfalls. The aim is to elucidate the contribution of vehicle wash-off as a potential source of organic matter in urban roadway runoff.
MATERIALS AND METHODS
First flush runoff Samples of first flush runoff from rainfall events at five roads in an urban area of the watershed of Lake Biwa, which is the largest freshwater lake in Japan, were collected from 1999 to 2014. The survey station roadways, which were typically urban roadways, had average daily traffic (ADT) of approximately 15,000 to 36,000 vehicles (Japanese Ministry of Land Infrastructure Transport & Tourism (Japanese MLIT) , , ) and were surfaced with asphalt. The road runoff samples were the cumulative discharge of 2 to 7 mm from the onset of rain. The samples were collected by hand (St. 1, 2, 3 and 5) or by previously installed 'First Flush Cleaner' (Japanese Patent No.  ()) units (St. 4), which can collect only the dirty drainage portion at the beginning of a rain event. The specifications of the survey stations are detailed in Table 1 . For improving the precision of the measurements of various roadway runoffs, new additional samples were collected and analyzed at St. 1 (2009 -2010 ), St. 4 (2010 -2014 and St. 5 (2013 St. 5 ( -2014 . The surrounding area of St. 5 had undergone rapid urbanization with an increase in the traffic.
Road dust
Road dust samples were collected from 14 roadside stations using a brush from road gutter surfaces in the Lake Biwa-Yodo River watershed area (8,240 km 2 ), for a total of 23 data samples. The sampling station roadways, which were typically urban roadways or arterial roads, had ADT of 4,082 to 76,599 vehicles in 2010 (Japanese MLIT 1999 MLIT , 2005 MLIT , 2010 and were surfaced with asphalt. The sampling areas were 0.0625 m 2 or 0.25 m 2 . The specifications of the sampling collection sites are detailed in Table 2 . The road dust was air-dried at room temperature and homogenized after being sieved through a 2 mm mesh screen to remove coarse dust and pebbles. Then, seven dust samples were fractionated by stepwise filtration, using stainless screens of 212 μm and 2 mm mesh size, which screened two different particle size fractions: 0.2-2.0 mm and <0.2 mm. Road dust and distilled water were mixed at a solid/liquid (S/L) ratio of 10,000 mg-dry weight/L, and sufficiently shaken by a magnetic stirrer (ASONE, REXIM RSH-6DR) at a speed of 250 rpm for 1 h at room temperature to resuspend the settled particles. Particulate and dissolved fractions of TOC were then immediately separated with a 0.45 μm membrane filter. Dissolved organic carbon (DOC) and particulate organic carbon (POC) concentrations were transformed into those at the S/L ratio of 100 mg-dry weight/L, which was an average of total SS concentration (100 ± 65 mg/L; average ± standard deviation (SD), n ¼ 23) observed in first flush runoffs. A series of mixing tests were performed using only seven road dust samples, because the remaining 16 samples could not provide sufficient quantity of dust for the test. The t-test showed that the difference in ADT between seven stations and the remaining 16 stations was not statistically significant at the P ¼ 0.01 level.
Vehicle wash-off water
The water pollutant load from first flush runoff depends on the previous dry weather period and the wash-off process during the actual rainfall event. Road dust is a deposit of dry fallout during dry weather periods and is washed away by rainfall. However, in the same rainfall event, the TOC concentration in the first flush runoff was high compared with that in the road dust solution prepared with the same level of SS concentration. This suggested that first flush runoff is also influenced by contaminants other than road dust, such as pollution from vehicles. Therefore, vehicle drainage was assumed to flow from the vehicles during rainfall events. The intended experiment was conducted using two vehicles which were driven almost daily, and before the vehicles were washed (Table 3) . MLIT 1999 MLIT , 2005 MLIT , 2010 .
b Japan Meteorological Agency Database (2014). c These seven samples were separated into two parts by size (0.2-2.0 mm and <0.2 mm) and were analysed as 0.01 w/v% road dust/water mixture.
The spray amount corresponding to the first flush runoff from the surface area (37-39 m 2 ) of the car body was calculated as the cumulative discharge amount of 5 mm per car. The vehicle wash-off water experiment simulated the rain on the vehicle during its run. The experimental method comprised the following steps. First, 2 mm distilled water (pH ¼ 7.4) was sprayed on the top and side of the car body in a manner that emulates rainfall. Thereafter, 3 mm distilled water was sprayed underneath the car to simulate the effect of water and mud splashed by the wheels. This spray intensity corresponded to a rainfall intensity of approximately 2.4 mm/h. All discharge samples corresponding to the first flush runoff were caught by a polyethylene sheet (washed and protected from contamination prior to the experiment), which lay under the car, and was collected in a container. This experiment was conducted for ten samples (two vehicles per experiment and five times). A schematic of the vehicle wash-off water collection process is shown in Figure 1 .
Chemical and particle size distribution analyses
Total organic carbon was used as an index of organic compounds. Particulate and dissolved fractions of TOC were separated with a 0.45 μm membrane filter. Then, DOC was determined by JIS K0102-22.1 ( Japanese Industrial Standards Committee ) and measured with a TOC analyzer (Toray Engineering TOC-650). Particulate organic carbon was measured with an NC analyzer (Sumigraph NC-22F), and TOC was calculated by summing DOC and POC.
Particle size distributions of six first flush runoffs and all vehicle wash-off water collections were measured with a laser diffraction particle size analyzer (Shimazu SALD-3100).
RESULTS AND DISCUSSION

Organic carbon concentrations in samples
First flush runoff
The concentration of TOC, POC, DOC and SS in the first flush runoff was 32.2 ± 19.3 mgC/L, 17.0 ± 11.6 mgC/L, 15.3 ± 13.9 mgC/L, and 100 ± 65 mg/L (average ± SD), respectively ( Table 4 ). The average concentrations of POC and DOC were found to be similar in the first flush runoff. However, each maximum value was much higher than the average and median values. This suggests that the concentrations of contaminants contained in first flush runoff vary greatly from one rainfall event to another.
Road dust
Organic carbon content in the road dust was 46 ± 40 mgC/g (n ¼ 23), of which seven road dust samples applied to the mixing tests and the remaining 16 samples were 77 ± 47 mgC/g and 33 ± 30 mgC/g, respectively. Here, the concentration of the selected seven dust samples were evaluated as follows. Arnarson & Keil () reported that the adsorption mass of the natural organic matter (NOM) onto montmorillonite was proportional to its equilibrium concentration in the range 0-25 mgC/L (Equation (1)):
where A is the specific adsorbed mass [mgC/g], C L is the equilibrium concentration of NOM [mgC/L] and K d is the partition coefficient for the NOM. K d is determined as the slope of the linear regression of a C s vs. C L plot.
In the mixing test in this study the following equation was established according to the mass balance of organic carbon:
where A i is the initial adsorbed mass (the organic contents of road dust) [mgC/g], A is the adsorbed mass after mixing [mgC/g] and M is the road dust dose [g/L]. The obtained data of 1 w/v% (e.g., RD2-2 (0.2-2 mm) were: A i ¼ 40 mgC/g, M ¼ 10 g/L, and C ¼ 1.7 mgC/L) can be substituted into Equation (2) and solved for K d (¼23.5).
Assuming that Equation (1) is established in the mixing test in this study, DOC concentration at a discretionary M can be estimated by simultaneously solving Equations (1) and (2). For instance, when M is 0.1 g/L, the DOC concentration is calculated to be 1.2 mgC/L using K d of 23.5. The evaluated DOC concentrations for 0.2-2 mm and <0.2 mm particle size fractions at M ¼ 0.1 g/L were 1.7 ± 0.8 mgC/L and 3.2 ± 1.9 mgC/L, respectively. The POC concentrations calculated from these results and the organic contents of road dust were 3.5 ± 1.7 mgC/L and 7.0 ± 4.2 mgC/L, respectively. These results are shown in Figure 2 .
All organic carbon concentrations of the <0.2 mm samples were higher than the corresponding concentrations of the 0.2-2 mm samples except RD4, whose organic carbon content was extremely low. The average content of organic carbon in the 0.2-2 mm and <0.2 mm particle sizes in the seven road dust samples were 52 ± 22 mgC/g and 102 ± 57 mgC/g, respectively. Thus, the organic carbon content in the <0.2 mm fraction was about twice that of the 0.2-2 mm fraction. The average weight ratios of the 0.2-2 mm and <0.2 mm particle sizes in the seven road dust samples accounted for about 48% and 52%, respectively. Therefore, the calculated pollution load of the <0.2 mm particles was estimated to be more influential compared to the 0.2-2 mm particles. Furumai et al. () reported that the finest fraction (<45 μm) was mainly washed off from the road surface, although most of the road dust was coarser than 125 μm. Also, Goonetilleke et al. () compared particle size distribution data for different sites and suggested that stormwater quality improvement strategies should target the 0.75-150 μm range for removal. Our results agreed with the previous ones. However, the TOC concentration in the road dust/water mixture (<0.2 mm particles) was 10.2 ± 5.7 mgC/L (n ¼ 7), which was three times lower than that of the first flush runoff shown in Table 4 (32.2 mgC/L). This significant difference in results under a similar SS concentration is very interesting.
Vehicle wash-off water
Vehicle wash-off water which was discharged during a rainfall event was investigated for pollutants. Figure 3 shows that the resulting concentration of TOC, POC and DOC in vehicle wash-off water was 14.0 ± 5.2 mgC/L, 8.2 ± 3.0 mgC/L and 5.8 ± 2.6 mgC/L (n ¼ 10), respectively. Thus, POC concentration was a little higher than the DOC concentration. However, the DOC concentration in the vehicle wash-off water was considerably higher than that in the road dust/water mixture. It is known that non-point sources in urban areas are related to the road, surface road dust, and vehicles. Oil and PAH pollution, especially, are caused by inadequate automotive maintenance and automobile emissions (Campbell et al. ) . This result is worthy of special mention because the car is a self-evident source of dissolved organic substances like these.
Particle size distribution in first flush runoff and vehicle wash-off water
Particle size distribution is shown in Table 5 , and Figure 4 is an example of a particle size distribution in first flush runoff and vehicle wash-off water. The particle size distributions on volumetric basis of both first flush runoff and vehicle wash-off water have a higher proportion of <0.2 mm particles, with each ratio accounting for 98.8 ± 1.0% (n ¼ 6) and 97.5 ± 2.6% (n ¼ 10), respectively. Both samples accounted for approximately 90% in the range of 0.002-0.2 mm. It was interesting that the two different pollution sources had similar particle size distribution. Moreover, the average total SS concentration in vehicle wash-off water was 88 ± 41 mg/L (n ¼ 10). As discussed in the section 'Road dust', the water pollution from road dust was different for the two sizes, and the organic carbon concentration for the <0.2 mm fraction was significantly higher than that for the 0.2-2 mm one. This result approximately accorded with a particle size range related to the PAH pollutant source reported by some researchers (e.g., Pengchai et al. ) . This suggests the possibility that organic matter could have been adsorbed onto the surface of fine road dust particles.
Comparison of concentrations in first flush runoff, vehicle wash-off water and road dust/water mixture Figure 5 shows the relationship between the three respective concentrations of organic carbon. Roughly the same value ranges are noted, although the road dust/water mixture (dust size: <0.2 mm, 100 mg/L, n ¼ 7) has a slightly lower organic carbon concentration than the first flush runoff and the vehicle wash-off water. This suggests that the three factors are interrelated and important. As Figure 6(a) suggests, the organic carbon content in road dust has a strong correlation with ADT (R 2 ¼ 0.68). Next, examining the two different particle sizes of the seven selected samples, as is shown in Figure 6(b) , the TOC contents of the <0.2 mm fraction in the road dust samples were higher than those of the 0.2-2 mm fraction, which further increased with the increase in the ADT. These results indicate a possibility that fine road dust particles (<0.2 mm) led to a discharge of a significant amount of organic matter pollution in the first flush runoff. Furthermore, they indicate that the organic content pollution in stormwater runoff from urban roadways is caused not only by fine particle discharge in road dust but also by vehicles running in the early stages of rainfall events. Egodawatta et al. () reported that stormwater pollutants undergo build-up, wash-off and transport before accumulating in receiving waters. According to our previous study, organic matter (chemical oxygen demand and TOC) rapidly decreased at the beginning of rain but attained a constant value after some time (Wada et al. ) . Our result indicates that the wash-off load process expressed mathematically in stormwater quality models should depend not only on roadway surface deposit and wet fallout in the rainfall but also on the number of running vehicles.
CONCLUSIONS
In this study, the influential source of organic matter in first flush runoffs from urban roadways was explored by comparing organic carbon content and particle size distribution in road dust samples with those in discharge from vehicles during rainfall. The obtained results are summarized as follows:
1. The road dust contained a higher amount of finer particles (<0.2 mm) than larger ones (0.2-2 mm) in numbers, although the weight of both size fractions were almost the same. Since the carbon contents of fine dust was higher than those of larger ones, the fine dust was thought to contribute to organic loadings from the roadway runoffs more significantly than the larger ones. However, the TOC concentration in the road dust/ water mixture (<0.2 mm) was three times lower than that of the first flush runoff under a similar SS concentration.
2. The particle size distributions of both first flush runoff and vehicle wash-off water were similar, and particles less than 0.2 mm contributed to over 95% of total volume. 3. The DOC concentration in the vehicle wash-off water was considerably higher than that for the road dust/ water mixture. This was suggested to be caused by dissolved organic substances such as automobile fuel and engine oil. 4. The TOC content in road dust positively correlated with annual daily traffic regardless of the particle size. Therefore, vehicles were thought to strongly influence the nature of road dust.
